Future climate change projections are not limited to a simple warming, but changes in precipitation and sea level pressure are also projected. The sea level pressure changes and the associated atmospheric circulation changes could directly mitigate or enhance potential projected changes in temperature and precipitation associated to rising temperatures. With the aim of analysing the projected circulation changes and their possible impacts on temperature and precipitation over Europe in summer (JJA), we apply an automatic circulation type classification method, based on daily sea level pressure, on general circulation model (GCM) outputs from the CMIP5 data base over the historical period and for climate under two future scenarios (2006-2100). We focus on summer as it is the season when changes in temperature and precipitation have the highest impact on human health and agriculture. Over the historical observed reference period , our results show that most of the GCMs have significant biases over Europe when compared to reanalysis datasets, both for simulating the observed circulation types and their frequencies, as well as for reproducing the intraclass means of the studied variables. The future projections suggest a decrease of circulation types favouring a low centred over the British Isles for the benefit of more anticyclonic conditions. These circulation changes mitigate the projected precipitation increase over north-western Europe in summer, but they do not significantly affect the projected temperature increase and the precipitation decrease over the Mediterranean region and eastern Europe. However, the circulation changes and the associated precipitation changes are tarnished by a high uncertainty among the GCM projections.
Introduction
As stated in the Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC AR4) (Meehl et al., 2007) , global warming is expected to induce a temperature increase over the next decades over Europe. Furthermore, summer (June, July, and August) precipitation is projected to decrease over southern Europe and increase over the northern part of the continent (Christensen et al., 2007) . Projections also suggest a decrease of the mean sea level pressure, particularly over the Mediterranean region in summer (Meehl et al., 2007) .
These projected sea level pressure (SLP) changes lead to two questions. First, do the SLP changes induce atmospheric circulation changes, and if so, what kind of changes? Secondly, how do these circulation changes impact other variables such as near-surface temperature (TAS) and precipitation (PR)? This question is particularly crucial, as the circulation changes can either mitigate or enhance the direct changes of these variables induced by the temperature increase. This could also have an impact on extreme events, such as droughts, heavy rain events or heat waves as shown by Meehl and Tebaldi (2004) and Rowell and Jones (2006) . However, the uncertainties concerning the impact of circulation changes on the precipitation regime are very high (Rowell and Jones, 2006) .
A circulation type classification (CTC) is one of the ideal tools to study the relationship between the atmospheric circulation and near-surface climate variables, and their possible future changes. CTCs allow a precise study of the atmospheric circulation by grouping similar circulation situations together (Bardossy et al., 2002 ; Philipp et al., 2010) . In addition, they are interesting tools for evaluating the ability of General Circulation Models (GCMs) to reproduce the observed circulation (Anagnostopoulou et al., 2008 ; Anagnostopoulou et al., 2009 ; Belleflamme et al., 2013 ; Demuzere et al., 2009 ; Huth, 2000 ; Pastor and Casado, 2012) and for detecting changes in the atmospheric circulation (Bardossy and Caspary, 1990 ; Huth et al., 2008 ; Fettweis et al., 2013 ; Kyselý and Huth, 2006) . Finally, many studies have shown that there is a strong link between atmospheric circulation types derived from CTCs and ground variables such as TAS and PR (Anagnostopoulou et al., 2009 ; Bardossy et al., 2002 ; Kyselý and Huth, 2006 ; Pasini and Langone, 2012 since this is the season when the changes in TAS and PR are assumed to have the most important impacts on human health and agriculture. The data used are presented in Section 2. The CTC methodology is described in Section 3. Section 4 presents the results in two parts.
First, we evaluate the ability of the GCMs to reproduce the historical observed atmospheric circulation in summer. Secondly, we analyse the circulation changes projected under global warming conditions and the impact of these changes on PR, TAS, and SLP. 2007), which could impact the weather conditions on the surface. For example, a day presenting a weak anticyclone and another day characterized by a strong anticyclone could be grouped into the same class.
Since this classification is objective and automatic, meaning that the types are built by the algorithm and not predefined by the user, the circulation types are different for each dataset, making it difficult to do an easy intercomparison. As proposed by Huth (2000) and Huth et al. (2008) , and already applied for this classification method over Greenland by Belleflamme et al. (2013) , we project the classes of our reference dataset (ERA-40) onto the other datasets (GCMs), i.e. we apply the parameters defining the classes from the reference dataset to the other datasets. Thus, the classification results of all datasets are directly comparable class by class on the basis of their frequency differences. In this study, we used ERA-40 over 1960-1999 as the reference dataset, but the results are similar by using NCEP/NCAR as reference.
For more details about the approach used in this paper, we refer to Belleflamme et al. (2013) .
As said above, we use the SLP as the predictor variable and the intraclass TAS and PR means (i.e. means computed over all JJA days included in a given class) are computed when the SLP based classification has been performed. The number of classes, which is chosen by the user in this classification, is fixed to three here. The interest of using a very low number of classes (i.e. circulation types) is to represent the atmospheric circulation only through its most fundamental types; thereby the results are not impacted by the difficulty of GCMs to reproduce the less common circulation types, which could distort the analysis of the future changes of these types.
In order to synthesize our results in a few number of graphics, we have built scatter plots (Figs. 2, 6, 7, and 8) as follows. For each circulation type, the GCM based JJA means of the anomalies of SLP, TAS, and PR are represented as a function of the JJA mean anomaly of TAS. Anomalies are computed with respect to the reference period and are smoothed by a 10-year running mean in order to remove the interannual variability, which constitutes noise when calculating the relationship between the considered variables and TAS.
We hereby obtain graphs of the projected evolution of each variables anomaly with increasing JJA temperature over Europe. The domain is split into quarters (NW, NE, SW, and SE, see 
Results
The three circulation types derived from the SLP classification process for ERA-40 over 1960-1999 (JJA) can be described as follows: Type 1 is under the influence of an anticyclone situated to the north of the Azores islands which induces a north-westerly flow over Europe. This leads to colder than normal conditions over the major part of the domain, drier conditions over western Europe and wetter weather over eastern Europe. Type 2 is dominated by a low north of the British Isles leading to south-westerly flow and warmer and drier conditions over southern and eastern Europe contrasted by wetter and colder conditions in the north-western part of the domain. Type 3 has a very weak pressure gradient consisting of a mild low pressure over the Mediterranean region leading to lower temperatures and more precipitation in this area. The northern half of the domain experiences warmer and drier conditions for this circulation type than the 1960-1999 JJA average. These three circulation patterns are shown in Fig. 1. 
Historical reference climate
Analysis of the root mean square error (RMSE) calculated by comparing the circulation type frequencies derived from ERA-40 reanalysis with each of the 14 GCMs over the historical reference period shows significant discrepancies between the GCMs (see Table   2 ). Nevertheless, no systematic circulation type frequency bias through all the GCMs can be observed. For example, there is a strong improvement between the low resolution IPSL-CM5A-LR and the medium resolution IPSL-CM5A-MR, but there is no improvement between MPI-ESM-LR and MPI-ESM-MR. The analysis of the circulation type frequency biases between each GCM and ERA-40 for the reference period shows that types 1 and 2 are generally underestimated (respectively by 9/14 and 10/14 GCMs), leading to an overestimation by 11/14 GCMs of Type 3, since this type contains the unclassified days (Belleflamme et al., 2013 ) (see Table 2 ).
Further examination of the GCM biases for the three variables studied here (SLP, TAS, and PR) in each quarter of the domain shows that biases related to PR intraclass anomalies appear to be systematic. 
Future climate
In this section, we focus on the RCP8.5 experiment (for the corresponding RCP4.5 figures, see Supplementary Material). This is justified, since there is no major difference in the relationship between the circulation type frequency, SLP, TAS, and PR on one side, and TAS on the other side when using RCP4.5 instead of RCP8.5. The only difference is a stronger warming in RCP8.5 and consequently stronger changes in circulation type frequency, SLP, TAS, and PR.
The analysis of each GCM separately reveals that the biases related to intraclass anomalies over the historical period strongly impact the future projected intraclass anomalies. As it appears on the scatter plots of each GCM (see Supplementary Material Figs. E to L), the relationship between circulation type frequency, SLP, TAS, and PR and the seasonal mean temperature is linear. Furthermore, the future projection experiments are in the continuity of the historical experiment, so that the biases of the historical period remain in the future projections.
Frequency of circulation types
Most of the GCMs suggest a decrease in frequency of Type 2 with rising temperatures (see 
Sea Level Pressure
Nine of our selected GCMs project a decrease in SLP for the future, suggesting a link between global warming and an SLP decrease over Europe in summer. Four of the remaining GCMs (BCC-CSM1-1, CNRM-CM5, MPI-ESM-LR, and MPI-ESM-MR) do not project a significant change in SLP, while GFDL-ESM2M simulates rather an increase towards 2100 (see also Fig.   5 , where it appears that MPI-ESM-LR, MPI-ESM-MR, and to a lesser extend BCC-CSM1-1 project an increase in SLP over the northern half of the domain). This figure also gives an idea of the range of the projected SLP change among the 14 GCMs. It is important to note that, for most GCMs, the magnitude of the projected SLP change is of the same order of magnitude as the SLP bias over the historical period with regard to ERA-40. Nevertheless, except BCC-CSM1-1, the GCMs projecting no change or an increase in SLP are the least successful at reproducing the reference period circulation over Europe in summer (see Table 2 ).
When further analysing the regional differences in the projected SLP change, we can see that a slight increase of SLP is projected over the north-western part of the domain (see Fig. 5 ).
Therefore, the slight reinforcement of the east-west gradient logically favours circulation Type 1, as opposed to Type 2, which presents a pattern opposed to the projected decrease of SLP over the southern part of the domain. Nevertheless, the intraclass change of the SLP anomaly with increasing TAS shows for the NW quarter a significant decrease for all types (see Fig. 7 ; see also Fig. B in the Supplementary Material for RCP4.5), which seems to be in contradiction with the slight mean SLP increase described before. But, despite there is an SLP decrease in each type, the frequency of Type 1 (showing a higher SLP than the other types in NW) is projected to increase to the detriment of Type 2 (showing the most negative SLP anomaly).
In order to highlight the influence of the circulation changes on the SLP, TAS, and PR changes, we have computed the "no circulation" change, which takes only the intraclass changes into account (see Table 3 ). For each GCM, the "no circulation" change is defined as being the sum of the intraclass changes of each type weighted by the corresponding 1960-1999 mean frequency of the GCM. The "total" change takes both the intraclass changes and the frequency changes into account. In the case of SLP, the circulation changes counteract the SLP decrease over the NW quarter by approximately 50 % (Table 3) . This means that, without the projected frequency/circulation changes, the SLP decrease would be twice as strong as it is projected to be. Over the SE quarter, the changes in frequency slightly strengthen the SLP decrease by favouring Type 1 (negative SLP anomaly) to the detriment of Type 2 (positive SLP anomaly). Over the two other quarters, the circulation changes have no significant impact on the SLP decrease.
The analysis of the intraclass changes for each GCM separately shows that the GCMs are more in agreement over the southern part of the domain, than over the northern part (see Figs. F and J in the Supplementary Material for RCP4.5 and RCP8.5 respectively). For the NW quarter, the SLP changes are very different from one GCM to another. While 13 GCMs project a decrease in SLP for Type 1, there are only 9 GCMs simulating an SLP decrease for Types 2 and 3. The total SLP change resulting from changes in intraclass SLP and circulation type frequencies is projected to be positive by 8 GCMs. This represents only the half of the GCM panel used here, so that the confidence in this change is low. For the north-eastern part of the domain, 11 GCMs project a decrease in SLP for Type 1, and 10 GCMs project a decrease in SLP for Types 2, 3, and the resulting seasonal mean. The projections are more uniform over the SW and SE quarters, where 12 GCMs simulate an SLP decrease for all types.
Temperature
The TAS anomaly intraclass changes show a strong increase, which is similar for all parts of the domain and all circulation types, despite that Type 1, which induces lower temperatures than normal, is projected to have a slightly more pronounced warming than Type 2 (see Fig. 8 ; see also to affect all circulation situations in a similar manner. When analysing the impact of the circulation type frequency changes on the change in TAS anomaly, it appears that the projected increase in the frequency of Type 1 (inducing colder conditions than normal) to the detriment of Type 2 (warmer conditions) should not significantly affect the TAS increase (see Table 3 ). This can be explained by the low differentiation between the intraclass means of Types 1 and 2, and the slightly more pronounced warming for Type 1 compared to Type 2. As suspected, the separated analysis of the GCM projections shows that all GCMs project a warming for all types over all regions (see Figs. G and K in the Supplementary Material for RCP4.5 and RCP8.5 respectively). However, as for SLP, Fig. 4 shows great differences among GCMs in the magnitude of the warming, ranging from +2°C to more than +6°C for RCP8.5.
Precipitation
The changes in PR anomaly show important differences among the subdomains (see Fig. 2 of the domain in summer. As for SLP, the circulation changes significantly influence the PR projections for the NW quarter. In fact, the frequency increase of Type 1 (inducing drier conditions) to the detriment of Type 2 (inducing wetter conditions) counters the PR increase, despite the intraclass PR increase for all types, resulting in a mitigated PR decrease (see Table   3 ). For the other subdomains, the changes in PR anomaly show a PR decrease and the circulation changes are not projected to significantly affect the PR changes. These results confirm the simulations made by Rowell and Jones (2006) based on only one regional climate model using the A2 SRES (Special Report on Emissions Scenarios) scenario. They showed that, over the British Isles, the PR increase due to the warming (here the intraclass changes) is opposed to the PR decrease due to circulation changes. They conclude that, over the Mediterranean region and eastern Europe, drying is projected to be attributable to other processes like soil moisture decrease and the warming itself, rather than to circulation changes.
Furthermore, as Rowell and Jones (2006) , we have low confidence in the circulation change, and consequently also in its impact on PR, since the projected circulation changes are not unanimous among the GCMs, as said above. It even remains unclear whether PR will increase or decrease over the NW quarter. The analysis of each GCM separately shows that, while the 14-GCM ensemble shows a PR increase with increasing TAS for all types, 9 GCMs project a PR decrease for Types 1 and 3, and only 8 GCMs project a PR increase for Type 2 (see Figs. H and L in the Supplementary Material for RCP4.5 and RCP8.5 respectively). The resulting total PR change over the NW quarter is projected to be negative by 10 GCMs. Nevertheless, with regard to all uncertainties pointed out, it remains unclear whether the intraclass PR increase resulting from rising temperatures (inducing higher evaporation, higher atmospheric water content and then higher PR) or the PR decrease due to the circulation changes will be dominant in the NW subdomain. Over the NE quarter, the uncertainties among the GCMs are also very high. Only one GCM out of two projects a PR decrease for Type 1, while there are still 4 GCMs projecting a PR increase for types 2 and 3, and for the seasonal mean. The drying of the Mediterranean region (i.e. SW and SE quarter) is much more consistent. The only GCM projecting a not significant PR increase for Types 2 and 3, and the seasonal mean over the SE quarter is CNRM-CM5, one of the least successful GCMs in our ranking. Over the western Mediterranean and the Iberian peninsula (SW quarter), all GCMs project a PR decrease, except MIROC-ESM, which projects a non significant PR increase for Type 1.
Again, Fig. 3 shows great differences among GCMs, which project opposite PR changes for the future. Furthermore, the magnitude of the projected PR changes over 2060-2099 is lower than the GCM biases over the historical period, which adds even more doubt about the reliability of the projected PR changes.
Discussion and conclusion
In this study, we have used an automatic circulation type classification based on the Spearman rank correlation to evaluate at a daily timescale the atmospheric circulation at sea level simulated by 14 CMIP5 GCMs over Europe for the historical reference period in summer (June, July, and August). This approach was also used to analyse the future projections of the atmospheric circulation at sea level and the related changes in near-surface temperature, precipitation and sea level pressure.
For the historical reference period, we showed that the differences in circulation type frequency between the ERA-40 based SLP, used as the reference dataset, and the GCMs are generally very large. Furthermore, we cannot identify a particular GCM as performing the overall best, as also stated by Casado and Pastor (2012) and Stoner et al. (2009) . In general, the GCMs seem to have difficulty in reproducing the observed frequencies of the circulation types over Europe in summer. Nevertheless, two exceptions have been pointed out. For SLP, the circulation changes mitigate the decrease over north-western Europe by favouring the circulation type that has a positive SLP anomaly over this region. For PR, the increase projected on basis of the intraclass changes over the NW quarter is countered by a higher frequency of the "dryer" Type 1 to the detriment of the "wetter" Type 2. However, there are high uncertainties among the GCM circulation, SLP, and PR changes. Thus, our confidence in the SLP and PR changes and, in particular, in the mitigating or enhancing role of the circulation changes on these variables over the NW quarter, is very low as all the GCMs do not agree. This is confirmed by Hawkins and Sutton (2011), who showed that the uncertainty associated with PR projections under climate change conditions is generally higher than the magnitude of the change itself.
The projected changes detected for the CMIP5 GCMs used here, and in particular the SLP and PR changes, show the same trends as highlighted in the IPCC AR4 (Meehl et al., 2007, and Christensen et al., 2007) using CMIP3 GCMs. The higher spatial resolution, new future experiments, and other improvements in the physical basis of the CMIP5 GCMs compared to the previous CMIP3 GCM generation, seem not to have a significant influence on the evolution of the variables used here under global warming conditions.
Our results suggest that the general circulation changes are projected to affect changes in PR, but the impact of these changes is only marked over the NW quarter, where the circulation types are the most differentiated. This suggests that the atmospheric circulation is an important driver of the meteorological conditions over north-western Europe, but this influence decreases towards the south-east of the domain, where the changes are only driven by the temperature increase. The decrease of SLP influence on ground variables towards the south-east of Europe is explained by the low variability in SLP over this region, compared to the NW quarter of the domain.
Finally, the range of the SLP and PR anomalies with regard to the TAS anomalies over the GCMs is relatively high. This shows that the relationship between the variables differs from one GCM to another, even within a same scenario (e.g. RCP8.5). Thus, it is important to use several GCMs, in order to have an idea of the uncertainty due to internal physics and parameterization of the GCMs. Furthermore, we showed that, due to the spread of the GCM projections, it is very dangerous to use a simple multi-model ensemble, without an analysis of the GCMs being part of this ensemble. This joins the findings of Hawkins and Sutton (2009) and Hawkins and Sutton (2011) , who showed for TAS (resp. PR) that the uncertainty due to the spread of the values between GCMs dominates the uncertainty due to the scenarios. 
